Abstract-Investigations from basic biology suggest that activation of the Rho/Rho kinase pathway reduces the bioavailability of nitric oxide (NO) and thereby promotes atherosclerosis and its clinical complications. Yet, little information is available about the relationship of the Rho/Rho kinase pathway to NO bioavailability in humans with atherosclerosis. Accordingly, we determined whether inhibition of Rho kinase augments NO bioavailability and improves endothelial function in human subjects with coronary artery disease (CAD). Thirteen CAD subjects and 16 age-and sex-matched healthy controls were randomly assigned to receive the Rho kinase inhibitor, fasudil, or placebo for 1 month each in a double-blind crossover trial. Flow-mediated, endothelium-dependent and nitroglycerin-induced, endothelium-independent vasodilation were assessed by brachial artery ultrasonography. Rho kinase activity was measured in peripheral leukocytes. Fasudil increased endothelium-dependent vasodilation in CAD subjects from 9.4Ϯ1.9% to 13.4Ϯ1.9% (Pϭ0.001) but not in healthy controls (from 11.3Ϯ1.4% to 7.7Ϯ1.1%; Pϭ0.07). Endothelium-independent vasodilation was not affected by fasudil in either CAD or healthy subjects. Fasudil reduced Rho kinase activity by 59Ϯ18% in CAD subjects (Pϭ0.001) but not in healthy subjects (by 3Ϯ6%; Pϭ0.60). The change in endothelium-dependent vasodilation achieved with fasudil relative to placebo was inversely proportional to Rho kinase inhibition (ie, greater Rho kinase inhibition was associated with larger improvement in endothelium-dependent vasodilation) (rϭϪ0.48; Pϭ0.01). These findings suggest that Rho/Rho kinase activation promotes endothelial dysfunction in humans with atherosclerosis. Inhibition of the Rho/Rho kinase pathway should provide a useful strategy to restore NO bioavailability in humans with atherosclerosis. , that regulate vascular tone, maintain blood cell/vessel wall interaction, prevent thrombosis, and limit smooth muscle cell proliferation. 1 Reduced NO bioavailability, or endothelial dysfunction, is a hallmark of atherosclerosis and predicts adverse cardiovascular events. 2,3 A more complete understanding of the molecular mechanisms that impair NO bioavailability in humans with atherosclerosis will facilitate better strategies to reduce the progression and the overt clinical manifestations of this disease.
T he endothelium synthesizes a variety of autocrine and paracrine factors, including nitric oxide (NO), that regulate vascular tone, maintain blood cell/vessel wall interaction, prevent thrombosis, and limit smooth muscle cell proliferation. 1 Reduced NO bioavailability, or endothelial dysfunction, is a hallmark of atherosclerosis and predicts adverse cardiovascular events. 2, 3 A more complete understanding of the molecular mechanisms that impair NO bioavailability in humans with atherosclerosis will facilitate better strategies to reduce the progression and the overt clinical manifestations of this disease.
The small GTP-binding protein Rho, and its downstream effector, Rho kinase, have been implicated in many of the pathologic processes that underlie atherosclerosis including endothelial dysfunction, vasoconstriction, inflammation, cellular migration and proliferation, and a procoagulant state. 4, 5 Basic studies have shown that inhibition of Rho/Rho kinase augments the expression and activity of endothelial nitric oxide synthase (eNOS), 6 -8 whereas overactivity of the Rho/ Rho kinase pathway, as occurs in experimental atherosclerosis, reduces NO bioavailability. 9, 10 It is unknown, however, whether the Rho/Rho kinase pathway is overactive in human atherosclerosis and, hence, whether inhibition of the Rho/Rho kinase pathway can improve NO bioavailability in this setting. The development of a selective inhibitor of Rho kinase, fasudil, for safe clinical use, 10, 11 coupled with an assay of Rho kinase activity, 6 have permitted us to examine the role of this pathway in endothelial dysfunction in humans with atherosclerosis. We specifically tested the hypothesis that fasudil reverses endothelial dysfunction in patients with coronary artery disease (CAD) and that this improvement in endothelial function correlates with Rho kinase inhibition. uation were performed for each subject. The presence of CAD was determined by Ն50% stenosis in at least 1 coronary artery at cardiac catheterization, by history of prior myocardial infarction, prior angioplasty, or coronary artery bypass graft surgery. Exclusion criteria for CAD subjects included unstable angina, revascularization, or severe heart failure within 3 months of study enrollment, malignancy, chronic inflammatory disease, pregnancy, breast feeding, hypoxia with room air saturation Ͻ90%, low-density lipoprotein (LDL) cholesterol Ͻ100 mg/dL off statin therapy, fasting glucose Ͼ120 mg/dL, creatinine Ͼ2.0 mg/dL, liver transaminases Ͼ2 times the upper limit of normal, and reluctance to discontinue statin therapy. CAD subjects with elevated fasting blood glucose were excluded because Rho kinase may interfere with insulin signaling, potentially affecting endothelial function independently of atherosclerosis. 12 To minimize the risk associated with the study, subjects were encouraged to continue all cardiac medications, except statins. Subjects were, however, asked to hold all medications until after the research procedures on study days. Healthy subjects did not have any risk factors for CAD, symptoms, or ECGs suggestive of atherosclerosis or documented atherosclerosis. They were not consuming any vasoactive medications.
Study Design
The study was designed as a randomized, double-blind, placebocontrolled crossover trial (Figure 1 ). After an initial screening visit, subjects who signed informed consent and met inclusion/exclusion criteria were asked to discontinue statin therapy for a minimum of 2 weeks. This period is sufficient to restore endothelial function and lipid profiles to prestatin treatment levels. 13 Subjects were then randomized to receive 1 month of fasudil (40 mg orally 3 times daily) or placebo. This dose of fasudil is safe and well tolerated in humans with stable effort angina. 4, 11 After a subsequent 30-day washout period, subjects crossed over to the alternate treatment arm for an additional month. Brachial artery ultrasonography was performed to evaluate endothelial function before and after each treatment. Blood for fasting lipid profiles and safety assessment was collected before and after each treatment period. Blood for assay of Rho kinase activity was collected at the end of each treatment period.
Assessment of Endothelial Function
An ultrasound scanner (Toshiba model Power Vision 8000) equipped with a high-resolution broadband linear array transducer (7.5 to 12.5 MHz) was used to image the brachial artery. Endothelium-dependent and -independent dilation of the brachial artery was determined according to established guidelines. 14 To assess endotheliumdependent vasodilation, brachial artery diameter was measured under basal conditions and during reactive hyperemia following 5 minutes of an ischemic stimulus. A blood pressure cuff placed on the upper arm was inflated to suprasystolic pressures for 5 minutes to induce forearm ischemia. We have found that following cuff deflation, the maximal increase in brachial artery diameter occurs at 1 minute of reactive hyperemia and that NO mediates this dilation. 15, 16 To assess endothelium-independent vasodilation, brachial artery diameter was measured under basal conditions and following the administration of sublingual nitroglycerin (0.4 mg). Maximal brachial artery dilation occurs 3 to 4 minutes after the administration of sublingual nitroglycerin. 14 Acquisition and analysis of the digitized images were performed using software from Information Integrity Inc. The vessel wall/ lumen interface was determined by derivative based edge detection algorithm following identification of the region of the anterior and posterior walls by the investigator. The maximum diameter of the vessel was then determined. 17 We have found that this method is associated with an interobserver variability of 0.05Ϯ0.16% and intraobserver variability of 0Ϯ0.15%. The same arm and site were used for all measurements.
Measurement of Rho Kinase Activity
Rho kinase activity was assayed in peripheral blood leukocytes as the amount of phospho-Thr853 in the myosin-binding subunit (MBS) of myosin light chain (MLC) phosphatase. 6 Blood was collected at room temperature in heparinized tubes (20 U/mL) with 10 mmol/L fasudil (Asahi Chemical Industry Co Ltd, Tokyo, Japan ). Fasudil was added to inhibit Rho kinase activity and hence further formation of phospho-Thr853 MBS ex vivo. We have found that at room temperature appreciable dephosphorylation of phospho-Thr853 MBS does not occur (data not shown). After adding an equal volume of 2% dextran, the sample was kept at room temperature for 30 minutes. The supernatant was spun at 1450 rpm for 10 minutes. Red blood cells in the resulting cell pellet were lysed with the addition of water and spun at 1450 rpm for 10 minutes after the addition of Hank's balanced salt solution (Hyclone, Logan, Utah). The resulting leukocyte pellet was resuspended in medium 199(Sigma Chemical Co) and counted using a hematocytometer. Cells were fixed in 10% trichloroacetic acid and 10 mmol/L dichlorodiphenyltrichloroethane. After centrifugation, the cell pellets were stored at Ϫ80°C for Western blot analysis.
Cells pellets were dissolved in 10 L of 1 mol/L Tris base and then mixed with 100 L of extraction buffer (8 mol/L urea, 2% sodium dodecyl sulfate, 5% sucrose, and 5% 2-mercaptoethanol). Equal amounts of cell extracts were subjected to 7.5% SDS-PAGE and transferred onto PVDF membrane (Immobilon-P, Millipore, Billerica, Mass). NIH 3T3 cell lysates were used as a positive control and to standardize the results of Western blot analyses from several membranes. After serum starvation for 20 hours, confluent cells were stimulated with 10 mol/L lysophosphatidic acid for 10 minutes, then subsequently fixed and harvested in 10% trichloroacetic acid and 10 mmol/L dichlorodiphenyltrichloroethane. Following centrifugation at 1450 rpm for 10 minutes at 4°C, precipitates were dissolved in 10 L of 1 mol/L Tris base and mixed with 100 L of extraction buffer. An equal volume of positive control cell lysate was used for each gel. Membranes were incubated with rabbit antiphospho-specific Thr853-MBS polyclonal antibody (generous gift of Dr Ikebe, University of Massachusetts Medical School, Worcester, Mass) 18 or rabbit anti-MBS polyclonal antibody (Covance Laboratories, Evansville, Ind). Bands were visualized with the use of the ECL detection kit (Amersham Pharmacia Biotech). Rho kinase activity was expressed as the ratio of phospho-Thr853-MBS in each sample per phosphoThr853-MBS in each positive control divided by MBS in each sample per MBS in each positive control.
Measurement of Lipids
Fasting serum lipids (total and high-density lipoprotein [HDL] cholesterol and triglycerides) were measured with an Olympus AU400 analyzer using enzymatic methods. LDL cholesterol was calculated according to the methods of Friedewald et al. 19 
Drugs
Fasudil hydrochloride hydrate and matching placebo tablets were obtained from Berlex Pharmaceuticals (Montville, NJ). Nitroglycerin was obtained from Pfizer (Morris Plains, NJ). Berlex Pharmaceuticals established the randomization code and drug was administered in a double-blinded fashion by the investigational drug pharmacy at Brigham and Women's Hospital. 
Statistical Analysis
Descriptive and experimental measures are expressed as meanϮSE or median (25th percentile, 75th percentile) as appropriate. Baseline characteristics were compared between CAD and healthy subjects using unpaired Student's t test or Wilcoxon rank sum test for continuous variables and Fisher's exact test for discrete variables. Flow-mediated endothelium-dependent vasodilation and nitroglycerin-mediated endothelium-independent vasodilation for each subject group were compared using paired Student's t test for normally distributed data and Sign rank test for not normally distributed data. Because both flow-mediated, endothelium-dependent and nitroglycerin-mediated, endothelium-independent vasodilation were similar within each group after each washout period, all reported comparisons were made between the postplacebo and postfasudil measurements. Comparisons between groups were made using an independent t test or Wilcoxon rank sum test. Similar analyses were used to assess the affect of fasudil on brachial artery diameter, mean arterial pressure, lipid profiles, and Rho kinase activity. The change in vasodilation with fasudil relative to placebo was correlated with the change in Rho kinase activity using Spearman's correlation coefficient. A probability value of Ͻ0.05 was considered to be statistically significant.
Results

Baseline Characteristics
CAD and healthy subjects were age and sex matched (Table  1) . Resting heart rate and mean arterial pressure were similar in both groups ( Table 1) . As expected, compared with healthy individuals, cardiac risk factors were more prevalent in the CAD subjects (Table 1) . Even though diabetic subjects were excluded, mean fasting glucose was higher in CAD subjects compared with healthy individuals (Pϭ0.03). Consistent with the inclusion and exclusion criteria, fasting lipids including total cholesterol (Pϭ0.0006), LDL (PϽ0.0001), and triglycerides (Pϭ0.05) were higher in CAD subjects. All CAD subjects were on aspirin and statin therapy at the time of enrollment. Eleven (85%) of the CAD patients were being treated with ␤ blockers, 6 (46%) with angiotensin-converting enzyme inhibitors and 2 (15%) with calcium channel blockers. Two (13%) of the healthy individuals took aspirin at the time of enrollment.
Effect of Fasudil on Vascular Function
Baseline arterial diameters were similar in the 2 groups and also within each group on fasudil compared with placebo ( Table 2 ). The increase in blood-flow velocity with reactive hyperemia was similar during placebo administration in CAD subjects and healthy controls (Pϭ0.33). These values were not altered significantly during fasudil treatment compared with placebo in either group ( Table 2) .
As expected, flow-mediated, endothelium-dependent vasodilation tended to be lower, although not significantly, between CAD and healthy subjects during placebo treatment (9.4Ϯ1.9% versus 11.3Ϯ1.4%, respectively; Pϭ0.23). Fasudil augmented flow-mediated vasodilation in CAD subjects from 9.4Ϯ1.9% to 13.4Ϯ1.9% (Pϭ0.001) but not in healthy controls (11.3Ϯ1.4% to 7.7Ϯ1.1%; Pϭ0.07) (Figure 2) . Nitroglycerin-induced, endothelium-independent vasodilation did not differ significantly between CAD subjects and healthy controls after placebo treatment (15.6Ϯ2.4% versus 14.4Ϯ1.9%; Pϭ0.70). Fasudil did not alter nitroglycerinmediated vasodilation in either CAD (Pϭ0.89) or healthy subjects (Pϭ0.94) (Figure 3 ).
Mean arterial blood pressure was not changed by fasudil treatment compared with placebo in either CAD (93Ϯ4 to 90Ϯ3 mm Hg; Pϭ0.41) or healthy subjects (88Ϯ2 to 88Ϯ2 mm Hg; Pϭ0.93).
Effect of Fasudil on Rho Kinase Activity
Rho kinase activity (measured as percentage relative staining of phospho-Thr853-MBS/MBS) after placebo treatment tended to be higher in CAD subjects compared with healthy individuals (Pϭ0.16) ( Table 3) . Fasudil reduced Rho kinase activity by 59Ϯ18% in CAD subjects (Pϭ0.001) but not in healthy controls (by 3%Ϯ6%; Pϭ0.60) ( Table 3) . Notably, fasudil reduced Rho kinase activity in the CAD subjects to the same level observed in the healthy controls (Table 3) .
Correlation of Rho Kinase Inhibition With Change in Endothelium-Dependent Dilation
To confirm that fasudil augmented flow-mediated dilation via inhibition of Rho kinase, we correlated change in flowmediated dilation with change in Rho kinase activity. For the 28 subjects in whom Rho kinase measurements were available, the change in endothelium-dependent vasodilation after fasudil relative to placebo was inversely proportional to the change in Rho kinase activity (rϭϪ0.48; Pϭ0.01) (Figure 4 ).
Effect of Fasudil on Lipids
As expected, fasudil treatment did not change total cholesterol, HDL, LDL, or triglyceride levels compared with placebo in either subject group (Table 4) .
Discussion
The principal new findings reported in this study are that in patients with CAD: (1) fasudil inhibits Rho kinase activity; (2) fasudil augments flow-mediated endothelium-dependent vasodilation; and (3) the improvement in endothelial function induced by fasudil is related to the extent of Rho kinase inhibition. These results suggest that activation of Rho kinase contributes to the reduced NO bioavailability and endothelial dysfunction seen in humans with atherosclerosis.
Our laboratory and other investigators have previously shown that endothelial function is impaired in patients with atherosclerosis 2, 16, 20 and its risk factors, including hypercholesterolemia. [21] [22] [23] However, the mechanisms that reduce NO bioavailability in atherosclerosis are only partially understood. Accumulating evidence has implicated the Rho/Rho kinase pathway as a powerful mediator of endothelial dysfunction in vitro. In human endothelial cells in vitro, activation of Rho kinase results in reduced eNOS expression and activity, which are reversed by the addition of the Rho kinase inhibitor hydroxyfasudil. 6 Rho is also a target of 3-hydroxy-3-methyl glutaryl coenzyme A reductase inhibitors (statins). 9 Inhibition of Rho by statins augments eNOS expression via stabilization of eNOS mRNA 24 and stimulates eNOS activity (Ser1177 phosphorylation) via activation of the phosphatidylinositol 3-kinase/Akt pathway. 8, 25 Figure 3. Effect of fasudil on nitroglycerin-mediated vasodilation. Results are expressed as meanϮSE. The percentage increase in brachial artery diameter 3 minutes after sublingual nitroglycerin administration compared with baseline is illustrated. Fasudil did not significantly alter nitroglycerin-mediated, endothelium-independent vasodilation in either CAD or healthy subjects. Rho kinase activity is increased in animals with experimental atherosclerosis, 26, 27 hypertension, 28 and diabetes. 29 Furthermore, risk factors for atherosclerosis including oxidized LDL, 30 hyperglycemia, 18 and nicotine 31 increase Rho/ Rho kinase activity in vitro. However, it is not known whether the Rho/Rho kinase pathway is upregulated in humans with atherosclerosis and whether this leads to reduced NO bioavailability. Accordingly, we tested the hypothesis that overactivity of Rho kinase in humans with atherosclerosis leads to reduced NO production, manifest as improved endothelium-dependent vasodilation with Rho kinase inhibition by fasudil. Consistent with this hypothesis, we found that fasudil augments flow-mediated, endotheliumdependent dilation in patients with CAD but has no such effect in healthy individuals in whom Rho kinase is presumably not "overactive." To our knowledge, this is also the first study to directly measure Rho kinase activity in humans, in peripheral blood leukocytes. The CAD subjects in this study tended to have higher Rho kinase activity along with impaired endothelial function at baseline compared with healthy controls. However, these values did not achieve statistical significance probably because of relatively small numbers of subjects and the older age of the control subjects 32, 33 and potentially because of the prevalence of background medications such as angiotensin-converting enzyme inhibitors that have previously been shown to improve endothelial function in patients with CAD. 34 Despite this, fasudil significantly reduced Rho kinase activity in CAD subjects relative to healthy controls, and accordingly the CAD subjects experienced a significant improvement in endothelium-dependent vasodilation compared with healthy individuals. Moreover, the improvement in endothelium-dependent vasodilation was inversely correlated with the extent of Rho kinase inhibition. These results obtained in a Western cohort with CAD are consistent with findings of improved endothelial function with Rho kinase inhibition in Japanese cohorts with smoking, 35 and hypertension. 36 In contrast to the findings in CAD subjects, endotheliumdependent vasodilation in healthy subjects tended to worsen with fasudil therapy compared with placebo. There are several potential explanations for these findings. In animal models, Rho expression is regulated by a negative feedback mechanism mediated by the actin cytoskeleton. 37 Under physiological conditions, such as in healthy individuals in whom basal Rho kinase activity is not up regulated, inhibition of Rho kinase may lead to decreased negative feedback and thus to increased transcription of Rho. This in turn may lead to a subsequent compensatory increase in the downstream effects of Rho including suppression of endothelial NO production. Alternatively, Rho kinase inhibition in healthy individuals may lead to an excess of NO production, resulting in the formation of peroxynitrite, which in turn might lead to eNOS uncoupling and worsening endothelial function. 38 Our results suggest that like NO, optimal levels of Rho/Rho kinase activity are probably required for the maintenance of vascular homeostasis. Based on our results the effects of Rho/Rho kinase inhibition in healthy subjects warrant further investigation.
Rho kinase enhances MLC phosphorylation and thereby cellular contraction by inhibiting MLC phosphatase through phosphorylation of its regulatory MBS. 39 Hence, Rho kinase inhibition might be expected to result in vascular smooth muscle vasodilation. Despite this well-established effect, fasudil at the dose used in our study did not alter baseline brachial artery diameter, endothelium-independent vasodilation to nitroglycerin or systemic blood pressure. Studies in Japanese cohorts also found no effect of fasudil on endothelium-independent vasodilation among smokers or hypertensive subjects. 35, 36, 40 Absence of an effect of fasudil on flow-mediated, endothelium-dependent dilation in healthy controls and lack of an effect on vascular smooth muscle reactivity in all of our subjects is consistent with the possibility that fasudil, in doses used, selectively and beneficially acted on the cells with an "overactive" Rho kinase-the dysfunctional endothelium in atherosclerosis.
In this study, the Rho kinase inhibitor fasudil, increased flow-mediated vasodilation without altering lipid levels in patients with elevated baseline total and LDL cholesterol. Thus, it appears that the beneficial effects of Rho kinase inhibition on vascular function in subjects with CAD occur independently of risk factor modification. These findings are in concert with basic observations suggesting that the nonlipid-lowering effects of statin therapy on endothelial function may be mediated through inhibition of the Rho/Rho kinase pathway. 24 Whether statins inhibit Rho/Rho kinase activity in humans with atherosclerosis remains to be determined.
Potential Limitations
We used fasudil to inhibit Rho kinase. 10, 41 Within 20 minutes, fasudil is metabolized to hydroxyfasudil, a more potent inhibitor of Rho kinase. 4, 10, 41 As the half-life of hydroxyfasudil is far longer than that fasudil, approximately 8 hours, fasudil functions largely as a prodrug for hydroxyfasudil. 4, 10, 41 Compared with inhibiting other kinases, hydroxyfasudil is relatively selective for Rho kinase with the K i value of 0.17 mol, 18 mol for protein kinase C and 140 mol for MLC kinase. 10 Nonetheless, the possibility cannot be excluded that fasudil and hydroxyfasudil might inhibit other kinases 42 and confound the results of our study. In that respect, it is important that the improvement in endotheliumdependent dilation observed in this study correlated significantly with Rho kinase inhibition. Other Rho kinase inhibitors are in development, and key findings with fasudil will need to be reinforced with structurally unrelated inhibitors as they become available.
This study is an important first step to demonstrate that Rho kinase may be overactive in human atherosclerosis and that this overactivity may contribute to the endothelial dysfunction seen in this disease state. Although this study did not directly evaluate the exact mechanism by which Rho kinase overactivity decreases NO bioavailability, it provides the rationale for future investigations.
Conclusions
Our study demonstrates that fasudil inhibits Rho kinase and improves flow-mediated, endothelium-dependent va-sodilation in subjects with CAD compared with healthy individuals. Furthermore, the improvement in endothelial function is inversely proportional to the degree of Rho kinase inhibition. Fasudil, does not impact endotheliumindependent vasodilation in either CAD or healthy subjects. Moreover, the effects of fasudil on endothelial function appear to be independent of lipid lowering. These results suggest that overactivity of the Rho/Rho kinase pathway may contribute to the endothelial dysfunction seen in atherosclerotic patients. In light of the prognostic implications of impaired endothelial NO bioavailability, Rho kinase inhibition may provide a novel strategy to improve endothelial function in patients with atherosclerosis.
